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The heat transfer processes and the molten metal bath kinetics of the electric arc furnace are
governed by the changes in the arc length and voltage. Thus, information on the electric arc
behavior with respect to the voltage is important for accurate computation of the furnace
processes and adjustment of the industrial furnace parameters. In this work, the length-voltage
characteristics of electric arcs have been studied in a pilot-scale AC electric arc furnace with
image analysis, electrical data from the furnace, and slag composition. The arc length was
determined with image analysis and the relation between the arc length and voltage from test
data. The relation between arc length and voltage was found to be non-linear and dependent on
the slag composition. The voltage gradients of the arcs were evaluated as a function of arc
length and sum of anode and cathode voltage drops resulting in a reciprocal relation.
Furthermore, the electrical conductivity of the arc plasma with respect to arc length was
estimated.
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I. INTRODUCTION

THE relation between electrical data and length of
the arc has a vital role in electric arc furnace (EAF) heat
transfer processes. It can be assumed, with the support
of computational models, that convection and radiation
dominate for short and long arcs, respectively.[1] Com-
putational studies have shown that, for an AC EAF,
operating with long arc lengths decreases the mixing
time of the bath.[2] In order to increase heating efficiency
and reduce the forming of hot spots on EAF walls in the
case of long arcs, foaming of slag is usually required.[3]

The foaming slag partially or totally covers the arc and
significantly reduces the radiative heat transfer to the
furnace walls and roof. A model to study the melting
rate of direct reduced iron strongly suggests operating
with long arcs, since the thermal homogenization of the
molten bath increases with increasing arc length.[4]

However, the usage of either maximum or minimum
power factor results in arc instability and risk of
carbonization of scrap and slag.[5]

The importance of arc length control is evident for
industrial furnaces. Decreasing the arc length after the
scrap has melted will protect the furnace roof and walls
from radiation, and increasing the arc length will raise
the mean temperature of the metal bath, e.g., for
charging of the direct reduced iron.[6] Since the length
of an electric arc in an industrial EAF is difficult to
measure experimentally, the arc length is controlled
through its dependence on the voltage. A linear depen-
dence between arc length and voltage has been discussed
in detail by Montanari et al.[7] The computational
modeling of electric arcs frequently utilize a linear
dependence between arc length and voltage.[7–11] How-
ever, the model described by Bowman et al.[12,13] derives
a non-linear relation between voltage and arc length. A
description of the Bowman model and its implementa-
tion has been provided by Reynolds and Jones.[14] Peng
et al.[15] studied a pilot-scale DC arc furnace experimen-
tally and with the Bowman model, reporting a non-lin-
ear length-voltage relation for the arcs. They also found
out that increasing the current leads to an increase in the
voltage.
In this work, the characteristics of the electric arcs

with voltage, voltage gradient, and anode-cathode
voltage drop have been studied with image analysis in
a pilot-scale AC EAF. The slag composition was
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observed to have a notable effect on these characteris-
tics. The results have been compared to other electric arc
studies discussing arc length and voltage, voltage
gradient, and voltage drops in the anode and cathode
regions. Furthermore, the conductivities of the electric
arcs have been estimated by means of image analysis as
a function of the arc length.

II. METHODS AND MATERIALS

The measurements were carried out at RWTH
Aachen University, Germany. The equipment consisted
of a pilot-scale AC EAF, a single-lens reflex (SLR)
camera, and a data storage computer. The furnace was
operated in AC mode with two graphite electrodes. The
maximum melting weight of the furnace is 200 kg. The
diameter of the electrodes is 0.10 m and the distance
between the electrodes 0.30 m. The electrical parameters
of the furnace were recorded once per second. The
camera was a Baumer SLR camera, which looked into
the furnace through three standard green light band-
pass filters used for welding and a 0.01 m UV-transpar-
ent glass. The frame rate of the camera was 20 pictures/s
with an exposure time of 0.05 seconds. The length of the
arc was obtained from the electric arc images using a
Matlab code. The length was defined to be the distance
between the bright glow of the arc on the electrode and
the center of the hit spot of the arc on the slag surface.
For a more detailed description of the arc length
analysis and the measurement set-up, see Reference 16.
The slag composition was analyzed with X-ray fluores-
cence from slag samples after the measurements.

The measurements were performed on three days,
which are referred to as heat 1 (H1), heat 2 (H2), and
heat 3 (H3). Several measurement periods (Ps) were
performed on each heat. The current was changed
between the measurement periods, but kept constant
during these periods. Due to the reports that the current
affects both the voltage[15] and the voltage gradient,[17]

the measurement periods have been analyzed separately.
The length of the arc was manually altered during the

measurements by changing the electrode position.
Plunge tests, during which the electrode was pushed
into the slag and then lifted up, were performed several
times on each heat. The data from these plunge tests
have been used in this work to study the relation
between the arc length and voltage, voltage gradient,
and the estimated conductivity of the arc. Example arc
images from a plunge test are displayed in Figure 1. The
arcs that were observed in this study were laminar
plasma flows. The electrical input of the furnace is not
enough to produce turbulent plasma, which is usually
observed in industrial EAFs. The results of this study
could, however, be used to estimate the distance between
the electrode tip and the slag surface in the case of
turbulent plasma flows where the arc path is not a
straight line from the electrode to the melt. This
estimation could be viable also in the case of foamy
slag practice where the foam may cover the arc and
affect the arc dynamics.

For thorough investigation of the voltage effects to
the electric arc, the sum of anode and cathode voltage
drop VAC has been evaluated from the electrical data of
the furnace. In arc welding studies, the voltage drop
across anode and cathode regions has been found out to
be independent of the current.[18,19] The same behavior
for anode voltage drop in welding arcs has also been
observed for different electrode materials.[20] For this
reason, the effect of current to VAC has been approx-
imated to be negligible.

III. RESULTS AND DISCUSSION

A. The Effect of Slag Composition to Voltage
and Resistance

On a single plunge test, the electrode was plunged so
deep into the slag that the electrode hit the steel. This
contact with the steel produced a voltage of 14.34 V,
which is presumed to be very close to the anode-cathode
voltage drop VAC. The minimum voltages when the
electrode is in contact with the slag, Umin, were observed
to be between 55 and 100 V. With the VAC = 14.34 V,
the resistance of the slag can be evaluated from

Rslag ¼
Umin � 14:34 ½V�

I
½1�

in which I is the current.
The major slag components, Umin, I, and Rslag have

been presented in Table I for each measurement period.
From these values, correlations between the slag com-
position and the Umin together with the Rslag can be
determined. These correlations have been presented in
Figure 2 with linear fits

y ¼ a� xþ b; ½2�

where a and b are constants. The variables appearing
in Eq. [2] have been displayed in Table II. The Slagsum
in the correlation of Figure 2(a) and Table II is a sum
over Al2O3 + CaO + MgO + SiO2 � (FeO + Cr2O3

+ MnO); in pct. The Slagsum was obtained by sum-
ming those slag species that increased with increasing
Umin and subtracting those that decreased with increas-
ing Umin. In this way, all the major slag components
were taken into account. The voltage drop, when the
electrode is in contact with the steel, can be estimated
from Eq. [2] with the variables in Table II for (a) by
setting FeO to 100 pct in the Slagsum. This produces
Umin = 13.98 V, which is very close to the experimen-
tal value 14.34 V.
FeO has a key role in the overall correlation with Umin

and Rslag, as can be observed from Figure 2(b). FeO
contributes a lot to the electrical conductivity of the
slag,[21,22] which supports the result that FeO content of
the slag has an effect on the observed voltages. Fur-
thermore, it has been shown by Aula et al.[23] that the
optical emissions from the arc in an industrial EAF are
dominated by the atomic emissions from the slag
components. This suggests that there is a strong
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interaction between the arc and the slag which also
affects the length-voltage characteristics in the industrial
practice.

As can be seen from Figure 2(c), there is a distinctive
correlation between the Rslag and the MgO content of
the slag. In many studies, the increase of MgO content
tends to increase the slag conductivity in varying slag
compositions.[24–28] The electrical conductivity of the
slag has been reported to increase with decreasing
viscosity,[29] to which also MgO contributes.[26,27] Kim
et al.[27] argued that the decreasing effect of MgO on the

slag viscosity is dampened at high CaO/SiO2 ratios.
Sohn et al.[26] reported that the MgO additions up to 20
pct decrease the viscosity. However, they also pointed
out that the MgO has a limited effect if significant
amount of strong basic oxides, such as CaO, are present
in the slag. Jiang et al.[30] showed that the melting
temperature decreases with the increasing MgO content
when binary basicity is lower than 1.2 for slags
containing also vanadium and titanium. They found
out that, with higher basicity, the increase in the MgO
content increases the melting temperature.

Fig. 1—Six arc images from a plunge test. The chronological order is from (a) to (f). The lengths of the arcs are (a) 0.17 m, (b) 0.06 m, (c) 0.03
m, (d) 0.00 m, (e) 0.02 m, and (f) 0.20 m.

Table I. Major Slag Components, Umin (V), I (A), and Rslag (X) for Each Measurement Period

Heat Period FeO Cr2O3 MnO Al2O3 CaO MgO SiO2 Umin (V) I (A) Rslag (X)

1 1 37.93 5.59 4.87 5.42 23.17 9.06 13.91 67.51 694.4 0.077
2 37.93 8.65 5.13 5.09 21.23 9.28 12.64 55.69 692.5 0.060
3 39.31 5.95 4.32 12.26 17.97 9.73 10.43 63.75 691.4 0.071

2 1 19.33 3.43 2.44 6.63 23.19 24.12 20.70 85.46 425.4 0.167
2 20.23 3.65 2.17 5.93 25.81 20.41 21.75 79.04 456.9 0.142
3 21.33 4.76 2.09 6.05 27.10 18.77 19.86 92.57 554.6 0.141
4 19.85 2.96 1.94 5.19 27.78 19.33 22.90 92.78 557.1 0.141
5 19.57 2.88 1.86 5.09 31.01 17.91 21.63 88.04 557.4 0.132
6 19.13 2.67 1.75 5.41 32.86 17.36 19.96 93.08 556.8 0.141

3 1 13.69 3.52 4.09 5.69 31.22 16.37 25.23 92.62 748.6 0.105
2 9.96 2.26 2.68 6.53 39.82 13.88 23.00 93.58 747.7 0.106
3 10.58 2.48 2.67 7.33 38.21 14.31 22.60 97.20 747.9 0.111
4 11.18 2.70 2.59 10.12 35.80 14.97 21.21 96.72 750.6 0.110
5 8.85 2.10 2.09 10.55 41.63 13.86 18.43 98.43 746.4 0.113
6 7.95 1.58 1.66 10.11 47.11 12.18 16.22 94.02 747.5 0.107
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In our work, the positive correlation between the Rslag

and the MgO could be attributed to the increase of
melting temperature due to relatively high MgO content
ranging from 9 to 25 pct and binary basicity CaO/SiO2

higher than 1.1. Since the FeO content of the slag ranges
from 7 to 40 pct, it could be that FeO dominates the
conductive properties of the slag at this high concen-
trations. In addition to FeO, also MnO has a positive
contribution to the electrical conductivity.[21] The MnO
content varies within the range from 1 to 5 pct, which is
more subtle than the changes in FeO. Figure 2(d), where
the conductive component MnO-pct has been sub-
tracted from the MgO-pct, shows an improved linear
correlation with the Rslag when compared to Figure 2(c).

B. The Length-Voltage Characteristics of the Arc

The image analysis was performed for 8 measurement
periods in order to determine the relation between the
arc length and voltage. 7 periods were left out of the
analysis due to malfunctions in the camera recordings.
Arcs shorter than 0.02 m were not analyzable due to the
merging glow from the slag and the electrode, which
complicates the image analysis. The most reliable arc
lengths were determined to be longer than 0.05 m. The
arc length and voltage have been plotted in Figure 3 for
each measurement period separately. The equation
describing the correlation between arc length and
voltage is

U ¼ a� lbarc þ 14:34 ½V�; ½3�

where a and b are constants. The relation presented in
Eq. [3] resemble the non-linear model described by
Bowman et al.[12,13]

One measurement period from H3 is presented in
Figure 4, in which the voltage, the image analysis arc
length, and the arc length derived from Eq. [3] have been
displayed. Between 30 and 100 s, the arc is partially
behind the electrode and hence the image analysis is not
viable, whereas the arc lengths derived with Eq. [3]
between 30 and 100 second are close to the actual arc
length. On average, the image analysis provides longer
arc length than the computed length between 150 and
230 second. This is caused by the arc movement on the
slag, which can occur due to changes on the local slag
surface composition or the repelling forces between the
two arcs. The two electrodes facing each other allow
each arc to wander approximately across half of the slag
surface area. This can be seen for example in Figures 1(a)
and (f) where the arc is closer to the center of the furnace
in (a) and further away in (f). The arcs in a three
electrode furnace would be more confined due to the
repelling forces of the other two arcs.
The computed length has been plotted with respect to

the image analysis length in Figure 5. Each image
analysis length datapoint is an average over 1 second
with standard deviation less than 8 pct. The highest
variance between the image analysis length and the
computed length was observed in H1, followed by H2
and H3. The higher variance in the H1 and H2 arc
lengths can be explained by the higher FeO content of
the slag, which depicts the amount of iron in the plasma
that contributes a lot to the brightness. A brighter glow
of the arc on slag, on the other hand, makes the length
analysis more difficult.
It is clear from Figure 5 that the whole measurement

data are not suitable for evaluation of the relations
between the electrical properties of the arc and the arc
length. The image analysis is prone to error due to the
glow from the slag, the repelling force between the arcs,
and the chance that the arc is only partially visible. Also
the slag composition has its effect both on the length
analysis and the electrical properties of the arc. Thus,
only the periods with the most stable arcs should be used
in the evaluation of the voltage gradient. The plunge
tests were observed to have the most stable conditions
during the measurements, which is supported by the
good correlations displayed in Figure 3. Furthermore,
the voltage changes the most during the plunge tests
with the widest range of voltage values. For this reason,
the plunge test values for the arc length and voltage have
been used in the voltage gradient analysis.
The equation that is commonly used in the compu-

tation of arc length is

larc ¼
U� VAC

Vg
; ½4�

where larc is the arc length in m, U is the voltage in V,
VAC is the sum of anode and cathode voltage drops in
V, and Vg is the voltage gradient in V/m. A linear rela-
tion between arc length and voltage is usually imple-
mented by fixing the values of VAC and Vg as
constants. However, a non-linear time-varying model
with Vg and VAC limits of 500 to 3000 V/m and 10 to

Fig. 2—Linear fits between (a) the Slagsum and the Umin, (b) FeO
content of the slag and the Umin, (c) MgO content of the slag and
Rslag, and (d) MgO-MnO content of the slag and Rslag.
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80 V, respectively, has been studied with Eq. [4] show-
ing a good correlation between the model and data
from steel plants.[31,32]

The VAC in Eq. [4] has been evaluated using a variety
of methods in various studies. Haidar[33] studied the
anode voltage drop as a function of plasma temperature
theoretically in gas tungsten and gas metal arc welding,
yielding values of around 4 V. They approximated the
voltage drop across the cathode sheath as around 1 V,
but neglected it in the model. In modeling fluid flow and
heat transfer of a DC EAF, Qian et al.[34] took the
anode drop as 4 V and evaluated the cathode region

using numerical analysis. Another DC EAF model by
Alexis et al.[35] evaluated the cathode voltage drop as a
function of electron temperature and the anode voltage
drop was assumed to be 4 V according to the work of
McKelliget and Szekely[36] on welding arcs. In EAF
modeling, several studies have used a constant value of
40 V as the VAC,

[7,8,10] whereas others have studied
voltage drop ranges varying from 30 to 80 V.[5,31,32]

Ramı́rez et al.[37,38] demonstrated, via a mathematical
model of a DC electric arc, that the anode drop, current
density, and contribution of the heat flux from the arc to
the metal bath drop significantly within 0.10 m from the

Table II. The Variables x and y and Constants a and b Appearing in Eq. [2] for the Fits in Fig. 2 Together with the R2 Values

Figure 2 x y a b R2

(a) Slagsum (Pct) Umin (V) 0.4915 63.129 0.90
(b) FeO (Pct) Umin (V) � 1.165 109.09 0.86
(c) MgO (Pct) Rslag (X) 0.0066 0.0138 0.92
(d) MgO-MnO (Pct) Rslag (X) 0.0057 0.0436 0.97

Fig. 3—The arc voltage as a function of the arc length for (a) H1 P1, (b) H1 P2, (c) H1 P3, (d) H2 P2, (e) H2 P3, (f) H3 P3, (g) H3 P5, and (h)
H3 P6.

Fig. 4—Comparison between the lengths derived from the image analysis and Eq. [3] for H3 P2.
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arc center on the melt surface. Ramı́rez-Argáez et al.[39]

studied the effect of different atmospheres with different
electrical conductivities to determine the arc properties
in a mathematical model, stating that the electrical
conductivity determines the voltage drop with constant
arc length. The arc power is proportional to the product
of the voltage drop and current in the arc,[35] and thus
the voltage drop has a key role in the heat transfer and
efficiency of the arc. Kiyoumarsi et al.,[40] on the other
hand, neglected the anode and cathode voltage drops
along with the movement of the arcs in an electromag-
netic analysis of a practical three-phase AC EAF.

In studies of electric arc cathode and anode voltage
drops, the cathode region in particular has proven
difficult to evaluate. Bakken et al.[41] proposed that the
cathode problem could be counteracted by including the

near-cathode layer and solid cathode tip in the compu-
tation or by approximating the cathode layer as a
gaseous sub-domain. However, the computation of the
whole electric arc system is challenging and time
consuming. The usual way to proceed with the compu-
tations is to neglect some aspects of the arc or to
approximate them with constant values.
The non-linear relation between the voltage and the

arc length presented in Figure 3 suggests that the voltage
gradient across the arc is not a constant value, but is
dependent on the electrical properties of the arc. Thus,
the voltage gradient has been derived from Eq. [4] with
U from the furnace electrical data and larc from the
image analysis together with VAC = 14.34 V. The
equation describing the correlation between arc length
and voltage gradient is

Vg ¼
c� 14:34 ½V�

larc
þ d; ½5�

where c and d are constants. These correlations have
been plotted in Figure 6.
The constants a, b, c, and d that appear in Eqs. [3] and

[5] have been tabulated in Table III for each measure-
ment period with corresponding R2. The relations
between a and b together with c and d have been
plotted in Figure 7. The constants a and b are connected
linearly, whereas the c and d have a reciprocal relation
with each other. Both of these correlations take into
account the voltage characteristics of the arc as Fig-
ure 7(a) is connected the Umin and (b) to the Umin �
14.34 V. The constants a, b, c, and d do not correlate
with any slag component. The effect of the slag
composition to the electrical properties of the arc has
been discussed in many occasions, but in order to
evaluate the effect of the slag composition to these
equations, more tests with emphasis on the slag com-
position would be required.

Fig. 5—Computed length with respect to the image analysis length.
The image analysis lengths are averages over 1 s. The solid line
represents a 1-to-1 correlation.

Fig. 6—The arc voltage gradient as a function of the arc length for (a) H1 P1, (b) H1 P2, (c) H1 P3, (d) H2 P2, (e) H2 P3, (f) H3 P3, (g) H3 P5,
and (h) H3 P6.
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C. Electrical Conductivity

The conductivity of the arc can be determined by the
equation

r ¼ larc
R� A

; ½6�

where R is the resistance of the arc in X and A is the
cross-sectional area in m2. R is obtained from the elec-
trical data of the furnace, whereas the area of the arc
can be evaluated from the arc images. The glow from
the slag makes it hard to estimate the correct pixel
brightness threshold for the arc radius, since the glow
from the slag merges with the arc channel. Thus, the
values related to conductivity that are presented here
should be considered to be proportional to the con-
ductivity of the arc, but not the exact values.

An example arc image for which the conductivity and
the area of the arc along the arc axis have been
evaluated is presented in Figure 8. The radius of the arc,
rarc at a given position along the arc axis has been
evaluated with the number of pixels exceeding a
brightness value 50 of the standard grayscale brightness
range from 0 to 255. The resolution of the image is

approximately 0.001 m. In Figure 8, an increase in the
area is observed around 0.02 m along the arc axis, which
is the glow on the electrode surface. The drop between
0.025 and 0.030 m is the beginning of the plasma
column, after which the area gradually increases. The
conductivity depends reciprocally on the arc area, and
thus an opposite behavior can be observed for the
conductivity evaluation. As can be seen from Figure 8,
the glow from the slag predominates near the slag
surface, and the radius of the arc is hard to estimate
without a high chance of error. The glow from the slag
already starts to merge with the arc column at 0.08 m
along the arc axis, after which the radius of the arc is
overestimated.
The arc conductivities have been estimated using the

arc images near and during the plunge tests performed
on H3 for P3, P5, and P6. Due to the low number of
measurement periods, the conductivities could not be
linked to changes in the slag composition. Since the
electrical parameters of the furnace were recorded only
once per second and the arc images were taken at a rate
of 20 per second, only one arc image per second has
been selected for the conductivity evaluation so that the
selected arc images were the least affected by the glow
from the slag. An example range of images that were
used in the analysis is presented in Figure 4 between 100
and 200 second. H3 was chosen for the conductivity
analysis due to the lowest amount of FeO in the slag,
which means that the glow on the slag was the dimmest
for this heat. The conductivity was estimated with an
average over the arc section between 0.03 and 0.05 m
along the arc axis in Figure 8, for which the glow from
the slag has the least effect on the pixel brightness. The
estimated conductivity with respect to the arc length is
presented in Figure 9 for the section 0.03 to 0.05 m
along the arc axis.
The fit between the estimated conductivity and the

length of the arc follows

rest ¼ 20320� l2:4060arc þ 11:9100; ½7�

Table III. The Constants a, b, c, and d Appearing in Eqs. [3]
and [5] Together with the R2 of the Fits

Heat Period a b R2 c d R2

1 1 233.3 0.267 0.82 113.68 390.5 0.97
2 241.9 0.288 0.81 108.03 406.1 0.90
3 311.1 0.430 0.81 79.13 583.2 0.94

2 2 291.7 0.262 0.82 130.84 564.0 0.87
3 393.7 0.411 0.84 111.49 675.1 0.94

3 3 517.2 0.503 0.80 93.78 1039.0 0.80
5 307.8 0.282 0.86 134.54 543.3 0.97
6 385.3 0.357 0.81 120.64 758.7 0.94

Fig. 7—The relations between the constants (a) a and b together with (b) c and d that appear in Eqs. [3] and [5], respectively, by taking into
account the Umin.
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where rest is the estimated conductivity in S/m and larc
is in m. The increasing conductivity with respect to
increasing arc length is related both to the changing
radius and resistance of the arc. Despite the high stan-
dard deviation, Eq. [7] and Figure 9 give an estimate
of how conductivity is affected by the changing arc
length. However, since the conductivity of the arc also
depends on the temperature of the plasma, that is not
considered at all here, Eq. [7] and Figure 9 give only
an average trend of the conductivity characteristics of
the arcs. For a more detailed relation, the plasma tem-
perature should also be taken into account.

In modeling, the conductivity of the arc is usually
assumed to be highly dependent on the plasma temper-
ature. Paik et al.[42] pointed out via numerical modeling
that the temperature distribution is more uniform for
longer arcs, which increases both the surface tempera-
ture and hence the electrical conductivity. In their study,
however, they considered only arc lengths of 0.01 and
0.03 m. In another modeling study, Wright et al.[43]

modeled 0.20 m arcs with temperature dependence for
electrical conductivity. For a plasma temperature range
of 6000 K to 8000 K, the electrical conductivity was
around 1000 S/m. Additionally, in the work of Bowman
and Krüger,[44] the conductivity of arcs containing
copper vapor between 5000 K and 8000 K is in the
range of 0 to 2000 S/m. Ramirez et al.[45] modeled 0.25
m DC arcs displaying a contour plot for radial and axial
electrical conductivity. The conductivity dropped from
the cathode value of 12500 S/m to around 2000 S/m for
the edge of the plasma and the plasma near the melt
surface. In experimental studies, Peng et al.[15] studied
DC arc lengths within the range of 0 to 0.24 m assuming
that the electrical conductivity depends only on the
plasma temperature resulting in conductivities between
0 and 13391 S/m. The temperature dependence of the
electrical conductivity is also noted in gas metal arc
welding for example,[46] where the arc lengths are usually
up to a couple of centimeters.
Our work suggests that the electrical conductivity of

the arc also depends on the arc length. However, it
should be taken into account that the plasma temper-
ature, which affects conductivity, is not considered in
this study. If the values in Figure 9 were assumed to be
the exact conductivity values in S/m, the conductivity
range would be close to those presented by Bowman and
Krüger.[44] Guo et al.[47] simulated a DC plasma torch
for less than 0.01 m arcs and found out that the core
radius of the arc decreases with increasing arc length.
The dependence of the conductivity of the arc on the
length of the arc is reasonable under this argument,
since the diameter of the arc determines the cross-sec-
tional area of the arc to which the electrical conductivity
is reciprocally related.

IV. CONCLUSIONS

The electric arcs have been studied with image
analysis accompanied with slag composition and elec-
trical data for a pilot-scale AC EAF. The minimum
voltages measured for the arc lengths near zero were
observed to be affected by the slag composition. In one
measurement, the electrode was pushed so deep into the
slag that it hit the steel and the observed voltage was
14.34 V, which is close to the estimated value of 13.98 V
which is calculated from the correlation between the
minimum voltage and the slag composition.
A more detailed analysis was performed for the

plunge tests, in which the electrode was manually
pushed into the slag and then lifted up. The plunge
tests proved to have the most stable arcs with respect to
the position of the arc on the slag surface. Only the data
from the plunge tests were sufficient for the evaluation

Fig. 8—Evaluation of the conductivity and the area along the arc
axis of an example arc on H3 with a length of 0.12 m. The color
map depicts the brightness of each pixel from 0 to 255 as standard
grayscale image brightness values.

Fig. 9—Conductivity estimation for the 0.03 to 0.05 m section along
the arc axis with respect to the arc length. The fit to the data is
shown by the solid line.
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of the electrical properties of the arc, since a large
variance between the image analysis and the computed
arc lengths was observed if all the data were used. The
differences between the observed and computed lengths
were mainly influenced by momentary poor visibility of
the arc.

The relationship between the length of the arc and the
voltage was found to follow non-linear characteristics
much like the one presented in the Bowman model.[12–14]

The voltage gradient represents a reciprocal relation
with the arc length by assuming a constant anode-cath-
ode voltage drop. In the EAF computation, the voltage
gradient is usually assumed to be constant, but the
results of this work suggest a more dynamic way of
approximating the voltage gradient. Estimation of the
electric arc conductivity implies that the conductivity
increases with increasing arc length. Even though the arc
radius is hard to determine from the images due to the
glow from the slag, the evaluated conductivity range is
close to the conductivities of the electric arcs presented
in the work of Bowman[44] for plasma that contains
metal vapors. However, it should be noted that the
plasma temperature was not considered when determin-
ing the conductivities.
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ISIJ Int., 2015, vol. 55 (1), pp. 117–25.

5. V. Logar, D. Dovzan, and I. Skrjanc: ISIJ Int., 2011, vol. 51 (3),
pp. 382–91.

6. H.-J. Odenthal, A. Kemminger, F. Krause, L. Sankowski, N.
Uebber, and N. Vogl: Steel Res. Int., 2018, vol. 89 (1), p. 1700098.

7. G.C. Montanari, M. Loggini, A. Cavallini, L. Pitti, and D. Za-
ninelli: IEEE Trans. Power Deliv., 1994, vol. 9 (4), pp. 2026–36.

8. R. Garcia-Segura, J.V. Castillo, F. Martell-Chavez, O. Longo-
ria-Gandara, and J.O. Aguilar: Energies, 2017, vol. 10 (9), p. 1424.

9. R. Horton, T.A. Haskew, and R.F. Burch: IEEE Trans. Power
Deliv., 2009, vol. 24 (3), pp. 1450–57.
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